We measure the sensitivity of a broadband atomic magnetometer using quantum non-demolition spin measurements. A cold, dipole-trapped sample of rubidium atoms provides a long-lived spin system in a non-magnetic environment, and is probed non-destructively by paramagnetic Faraday rotation. The calibration procedure employs a known reference state, the maximum-entropy or thermal' spin state and quantitative imaging-based atom counting to identify electronic, quantum, and technical noise in both the probe and spin system. The measurement achieves sensitivity 2.8 dB better than the projection noise level (6 dB better if optical noise is suppressed) and will enable squeezing-enhanced broadband magnetometry [Geremia, et al. PRL 94, 203002 (2005) To extend this to spin systems, we use the maximumentropy state, also known as the`thermal' spin state.
√
Hz sensitivities for DC [2] and RF [3] elds for bandwidths of order 1 kHz, surpassing superconducting sensors (SQUIDS) in sensitivity and approaching quantum noise limits. Potential applications of magnetic sensors range from gravitational-wave detection [4] to magnetoencephalography [5] .
Atomic spin readout using optical quantum nondemolition (QND) measurement [6, 7] allows magnetometry to surpass the standard quantum limit δB ∝ 1/ √ N associated with atomic projection noise [8] . Similarly, optical squeezing can surpass the shot-noise limit in optical measurements [9, 10] . The measurement is then constrained by the much weaker Heisenberg limit δB ∝ 1/N . This strategy is particularly well adapted to broadband magnetometry, in which repeated or continuous measurements determine a time-varying eld.
Each QND measurement both indicates the measured spin variable and (ideally) projects the system onto a spin-squeezed state, increasing the sensitivity of subsequent measurements. To date, QND probing of spin variables has achieved projection-noise limited precision only on magnetically insensitive "clock" transitions [11, 12] . A signicant obstacle has been, up to now, the calibration of the spin noise measurements in a magnetically sensitive system [13? ? ].
We report here a cold, trapped atomic ensemble with a spin lifetime of up to 30 seconds, a spin measure- have measured an eective on-resonance optical depth of above 50 [16] .
The collective spin is measured using paramagnetic
Faraday rotation with an o-resonance probe. The ensemble spin,F, interacts with an optical pulse of duration τ and polarization described by the vector Stokes operatorŜ through the eective Hamiltonian [17] H = G τŜ zFz .
(
We deneŜ in terms of annihilation (creation) operators for left and right circularly polarized light modes, [18] , where σ i are Pauli matrices. The interaction strength G depends on transition dipole moments, optical detuning, and beam and atom cloud geometry [19] .
A light pulse experiences the polarization rotation (to rst order in H)
where superscripts (in), (out) indicate components before and after the interaction, respectively. In a QND measurement ofF z , the input state has • -basis, i.e., the Stokes componentŜy; b) Atomic transitions for probing, preparation, and imaging light elds.
and
In addition, macroscopic rotations can be used to measure N A , by polarizing the ensemble such that F z = N A prior to probing. We refer to this as a dispersive atom number measurement and calibrate it using quantitative absorption imaging.
To establish the sensitivity at the quantum level, we note that for input states with
, and
, the polarization variance is
The rst term, the input optical polarization, in general has variance var(Ŝ 
A V 1 where V 1 is the variance per atom. Finally, we must add a constant electronic noise V E from the detector, and arrive to the measurable signal
Equation (4) We nd G = 6.6(5) × 10 −8 .
Thermal spin states for atoms in the F = 1 manifold are produced by repeatedly optically pumping atoms from F = 1 → F = 2 and back, using lasers tuned to the F = 1 → F = 2 and F = 2 → F = 2 transitions, and applied from six dierent directions. Each pumping cycle takes 300 µs. To avoid any residual polarization, we apply bias elds of B z = 135 mG, B y = 140 mG, and B x = 270 mG, respectively during the three backand-forth cycles.
Finally, the F = 2 manifold is further depleted with 100 µs of resonant light on the F = 2 → F = 2 transition with zero magnetic eld.
After these steps, no remaining mean polarization along z is observed. This procedure is designed to transfer disorder from the thermalized center-of-mass degrees of freedom to the spin state: Illumination from six directions produces a polarization eld with sub-wavelength structure, in which the atoms are randomly distributed. cold atomic systems have demonstrated µm-resolution [23] . Also in the eld of quantum information processing, projection-noise limited QND measurements play an essential role for quantum memory and quantum cloning tasks [24] . 
